ABSTRACT In native forests in Australia, Mnesampela privata (Guené e) is uncommon, but in plantations, populations can outbreak. Two Þeld trials (GES1 and GES2) were used to test whether oviposition on individual hosts by M. privata increases under plantation conditions of high host abundance. Oviposition on designated target trees was recorded over two consecutive seasons in arboreta where the relative abundance of preferred Eucalyptus hosts decreased, whereas the relative abundance of less preferred or noneucalypt trees increased. Neither trial supported the hypothesis that more eggs are laid on individual hosts when surrounded by trees of the same species. On the contrary, in the third arboretum type in GES2 (lowest relative abundance of eucalypts), more eggs were laid on target eucalypts whose immediate neighboring trees were noneucalypts. The average size of egg clutches increased between 1.3 and 11.7 times from the Þrst to the second season of surveys, and the weight of females increased over the two consecutive seasons, which may have explained the increase in egg clutch size. It is proposed that outbreaks of M. privata occur in eucalypt plantations because high host abundance (and presumably also quality) drives the development of populations that are larger than can be supported by native forests.
OVIPOSITION CAN BE INFLUENCED by vegetational diversity and architecture (Finch and Kienegger 1997 , Floater and Zalucki 2000 , Åsman et al. 2001 . However, the responses vary among insect herbivores. For example, leek moths (a specialist) laid the same numbers of eggs on potted hosts placed into monocultures as they did on potted hosts placed into intercropped arrays of hosts and taller and shorter nonhosts (Åsman et al. 2001) . In contrast, diamondback moths (another specialist) laid fewer eggs on potted hosts surrounded by taller nonhosts and similar numbers of eggs on potted hosts surrounded by shorter nonhosts than they laid on potted hosts in a monoculture (Åsman et al. 2001) . Åsman et al. (2001) explained these results by comparing host ranges: they suggested that, because the leek moth has a narrow host range, it may be better able to locate less apparent hosts than the diamondback moth. Such interactions in habitats of differing heterogeneity may have important implications for the level of insect infestation of plants of economic signiÞcance. For example, loblolly pines in plantations were likely to experience higher levels of attack by Rhyacionia frustrana (Comstock) (Lepidoptera: Tortricidae) when herbicide application reduced the herbaceous understory (Ross et al. 1990 ).
Female oviposition behavior can inßuence realized fecundity (i.e., the number of eggs laid during the lifetime of an individual female) and have implications for their offspring. Š mits et al. (2001) found that female Bupalus piniarius L. (Lepidoptera: Geometridae) avoided ovipositing on defoliated hosts, thereby decreasing realized fecundity. On previously defoliated hosts, there are less mature needles and more current year needles. Avoidance of current year needles may have developed because a small proportion (16 Ð26%) of eggs are likely to fall off them and because they reduce larval performance (Š mits et al. 2001, Š mits 2002) . At the other extreme, excessive oviposition can occur during outbreaks (see Thié ry and Gabel 1993, Steinbauer et al. 2001 ) and have signiÞcant implications for offspring. Whether larvae happen to feed on less suitable hosts either because preferred hosts were speciÞcally avoided or excess eggs were laid on preferred hosts, crowding of larvae and/or feeding on inferior hosts can reduce the Þtness of offspring (e.g., Tammaru 1998 , Rhainds et al. 1999 , Š mits 2002 , Steinbauer et al. 2004a , as well as affecting their behaviors as adults (Tammaru and Javoiš 2000) . Whether intergenerational differences in realized fecundity can affect future population dynamics re-mains to be determined but has been suggested by some authors (Rhainds and Tuck Ho 2002) .
The eucalypt forests of temperate Australia exhibit considerable inherent vegetational complexity (Williams and Brooker 1997) . Dry sclerophyll forests in parts of southeast Tasmania consist of three to seven location-speciÞc combinations of eucalypt species, and the relative abundance of Eucalyptus globulus globulus Labill. can vary between 13 and 23% of the eucalypts present (Steinbauer 1997) . Furthermore, the leaf morphology exhibited by the trees in a region at any period of time depends on whether saplings are present and/or the timing of the last bushÞre. Thus, although 13Ð23% of the eucalypts in a particular region may be a preferred host of M. privata (namely E. g. globulus) , few if any may be in juvenile foliage (the preferred leaf type of M. privata, Steinbauer 2002 ) and therefore suitable for oviposition. Even within the canopy of a single tree producing juvenile foliage, leaf toughness varies considerably according to leaf age (e.g., Steinbauer et al. 1998 ). Furthermore, eucalypts may not produce new leaves in a given season if growing conditions are unsuitable, e.g., during drought (Specht and Brouwer 1975) . In comparison, commercial plantations of E. g. globulus provide large areas of hosts of the same age and same genotype. Because these plantations are only established in regions of high rainfall, they usually offer large quantities of new juvenile leaves (for four to Þve tree growth seasons, until they "phase change" to adult foliage).
In native forests, Mnesampela privata is uncommon to (at most) locally common . Outbreaks are only known in commercial eucalypt plantations (Steinbauer et al. 2004b) . One of the main limiting factors for populations of M. privata in native forests is presumably the lack of hosts suitable for oviposition and neonate survival, i.e., the result of the spatial and temporal complexity of the vegetation. Adults are medium to large moths with wingspans ranging between 38 and 44 mm; females are usually slightly larger (McQuillan 1985) . Steinbauer et al. (2001) considered the species good ßiers because both sexes are caught in light traps (although there is usually a signiÞcant male bias, Steinbauer 2003) , and the females caught are always gravid.
In this study, I tested whether female M. privata would alter oviposition on target trees (preferred hosts) when in common arboreta (surrogates for plantations or native forests) that comprise an array of other eucalypts of either preferred, less preferred, or nonhost species, as well as the nonhost species Acacia dealbata Link. In addition, I monitored the number of egg clutches and their size and report changes in realized fecundity.
Materials and Methods

Common Arboreta Field Trials
Two large-scale Þeld trails were established on Ginninderra Experiment Station (GES), Australian Capital Territory (ACT; 35Њ09Ј S, 149Њ02Ј E; Ϸ615 m above sea level). Annually, the mean rainfall for Canberra is 633.1 mm (with a mean of 102.7 rainfall days); mean daily evaporation is 3.8 mm; the mean daily maximum temperature is 20.0ЊC (highest, 40.0ЊC); and the mean daily minimum temperature is 7.1ЊC (lowest, Ϫ8.8ЊC). The soil typical of the area is a shallow to moderately deep red and yellow podzolic soil. The entire region encompassing where the trees were to be planted was improved (i.e., introduced) pasture. Before European settlement, the area would have been Yellow Box (E. melliodora)/Red Gum (E. blakelyi) grassy woodland, remnants of which can still be found and are deemed endangered. Pasture species were killed with herbicide before planting, and pasture regrowth was suppressed (but not killed so as to reveal bare earth) for 2 yr after establishment. Suppression of pasture grasses is a common practice in most commercial eucalypt plantations, most notably for 1Ð2 yr after establishment (Adams et al. 2003) . Note, herbicide suppression of native plant species, e.g., sedges and woody shrubs, is also practiced before and after plantations are established in locations that previously supported native eucalypt forest (Turnbull et al. 1994 ). Therefore, the intensity of weed management used in these Þeld trials was not appreciably different from that used in many commercial eucalypt plantations. As a consequence of choosing GES and the continual suppression of nondesired vegetation within arboreta, the spaces between individual arboreta were never interrupted by tall vegetation of any kind. The sites for the Þeld trials were not treated with fertilizers before planting, nor were trees fertilized, irrigated, or sprayed with insecticides at any time after planting.
Trees were planted in 2.5-m rows as Ϸ20-to 40-cmtall, 6-mo-old seedlings. Tree growth rates (e.g., height and/or diameter) were not measured, but most target trees were Ͼ80 cm tall at 6 mo after planting and would have been up to twice that height by the following season (if not severely defoliated during the preceding season). These growth rates would not have been as fast as those recorded in commercial eucalypt plantations, which are in regions of higher rainfall (e.g., 690 Ð1,110 mm/yr), more moderate climate, with deeper and better quality soil proÞles, fertilized, and with varying degrees of pest animal management. The elevation of both Þeld trials meant that the E. g. globulus were prone to severe frost damage (see Thomson et al. 2001) . Trees in each Þeld trial were nominated as either target or nontarget trees before planting. These Þeld trials will be hereafter referred to as GES1 and GES2.
GES1. Five hundred eucalypts were planted at GES between 29 October and 2 November 1998 using seed from the Australian Tree Seed Centre (ATSC). The genotypes are summarized in Table 1 . There were four types of common arboreta, each with 25 trees that were each replicated Þve times. Each arboretum type was designed to provide differing abundances of preferred, less preferred, and nonhost trees based on McQuillan (1985) , Neumann and Collett (1997) , and Steinbauer (2002) . The compositions of the different arboretum types are abbreviated as follows: 1 ϭ 100% E. g. globulus:0% subspecies of E. globulus:0% less preferred:0% nonhosts (i.e., 100:0:0:0); 2 ϭ 20% E. g. globulus:80% subspecies of E. globulus:0% less preferred:0% nonhosts (i.e., 20:80:0:0); 3 ϭ 20% E. g. globulus:0% subspecies of E. globulus:80% less preferred:0% nonhosts (i.e., 20:0:80:0); and 4 ϭ 20% E. g. globulus:0% subspecies of E. globulus:0% less preferred:80% nonhosts (i.e., 20:0:0:80). The layout of this Þeld trial is given in Fig. 1 ; it was the wish of the GES Manager that this Þeld trial be planted around two sides of an existing fenceline. All target trees in GES1 examined during oviposition surveys were E. g. globulus.
The hypothesis was that if the presence of other preferred hosts (i.e., nontarget trees) caused M. privata to lay more eggs on individual hosts, target trees in arboreta type 1 (100:0:0:0) would receive more eggs than those in type 2 (20:80:0:0), which would receive more eggs than target trees in type 3 (20:0:80:0), which would receive more eggs than target trees in type 4 (20:0:0:80). In designing GES1, my assumption was that there would be random colonization and movement within the trial and that the oviposition decisions of females moving between and within arboreta (each separated by 10 m) would be inßuenced by the different traits of the eucalypts they experienced when locating the target trees.
GES2. One thousand eight trees, comprising 498 eucalypts and 510 A. dealbata, were planted at GES between 6 October and 13 October 1999 using seed from the ATSC (Table 1) . In native forests, eucalypts are often codominant with species of Acacia (Barlow 1994). There were three types of common arboreta, each with 112 trees that were each replicated three times. The compositions of the different arboretum types are abbreviated as follows: 1 ϭ 50% E. g. globulus: 50% E. r. rubida:0% A. dealbata (i.e., 50:50:0); 2 ϭ 19% E. g. globulus:19% E. r. rubida:62% A. dealbata (i.e., 19:19:62) ; and 3 ϭ 5% E. g. globulus:5% E. r. rubida:90% A. dealbata (i.e., 5:5:90). The layout of this Þeld trial is given in Fig. 2 . Target trees in GES2 were either E. g. globulus or E. r. rubida. E. r. rubida was chosen because observations from GES1 showed it to be very attractive to M. privata, and it is less susceptible to frost.
The hypothesis was that if the presence of complete nonhost plant species (i.e., A. dealbata) caused M. privata to lay fewer eggs on individual eucalypt hosts, target trees in arboreta type 1 (50:50:0) would receive more eggs than those in type 2 (19:19:62), which would receive more eggs than target trees in type 3 (5:5:90). In designing GES2, I hoped that each arboretum might present a more (cf. those in GES1) discrete host source to colonizing moths (hence, increasing the distance between individual arboreta to Ϸ240 m). If so, the numbers of eggs laid might vary more noticeably according to the tree species composition of the particular arboretum.
Oviposition Survey Procedures
All egg clutches were left in situ so as not to hinder the growth of the local M. privata population or their natural enemies. Target trees in GES1 were surveyed on six and seven occasions in early 1999 and late 1999 to early 2000, respectively. Target trees in GES2 were surveyed on seven and four occasions in late 1999 to early 2000 and early 2001, respectively. Egg clutches observed during a 1-min search of a target tree were tagged for ease of relocation at the end of the survey. At the end of the timed survey period, the numbers of individual eggs in each previously tagged clutch were counted, and the leaf was hole-punched so that it would not be resurveyed. Because surveys were time limited, means are given in eggs/tree/min/survey, which is referred to as "oviposition rate."
Statistical Analyses
Even when data from all surveys were combined, the incidence of target trees with egg clutches was quite low, e.g., GES1 (1999) 4.5%, GES1 (1999 GES1 ( /2000 14.0%, GES2 (1999 GES2 ( /2000 24.2%, and GES2 (2001) 24.6%. This made the data difÞcult to analyze using methods that assume normality (such as split-plot design for repeated measures or linear mixed models). The data were analyzed using the generalized estimating equation (GEE; Liang and Zeger 1986) methodology using GenStat (GenStat 5 Committee 2003) . GEE is a type of generalized linear model and is a nonlikelihood method of Þtting marginal models to repeated measurements when the response variable has an exponential distribution.
Analyses were carried out using the log-link function and a second order ante-dependence correlation matrix (because the surveys were not evenly spaced). Oviposition rate (eggs/tree/min/survey) was transformed using square-root (oviposition rate ϩ 0.5) before analysis. Attempts were also made to incorporate spatial layout of the plots in each experiment. In GES1, the two "arms" of the Þeld trial (Fig. 1) were blocked, and in GES2, the replicates were blocked (Fig. 2) .
Replicate could not be included in the analysis of the data from GES1 because replicates of similar arboreta were unevenly distributed between the two arms of the Þeld trial. Test statistics (F*) and P values were calculated using the full-reduced model analysis (Neter et al. 1985) :
The full and reduced models are shown in Table 2 . Because my primary interest was to consider the effect of arboretum type on oviposition rate, I have not cited statistics for either block (GES1) or replicate (GES2) in the Results section; there was a signiÞcant block effect (F* 1,1089 ϭ 4.3, P ϭ 0.04) as well as a signiÞcant effect of replicate (F* 2,1037 ϭ 4.6, P ϭ 0.01). Egg clutch size was not analyzed similarly to oviposition rate. This is because I wanted to assess whether the numbers of eggs per clutch differed within (grouped by arboretum type) and between seasons in each Þeld trial. Consequently, target trees that had no egg clutches on them at the time of survey are not included in these analyses. Egg clutch size was square-root (eggs ϩ 0.5) transformed before being compared using one-way analysis of variance (ANOVA).
Results
The presence of M. privata eggs in all the arboreta of GES2 within 1 mo of each other after planting conÞrmed that Ϸ240 m of open pasture was not an impediment to dispersing females. This evidence supported the suggestion that adults are vagile enough to have formed a single metapopulation encompassing both GES1 and GES2. Table 3 ) use transformed data from all target trees examined during each survey. 
GES1
The incidence of oviposition recorded in 1999 was too low to enable the data to be analyzed in the manner outlined ( Fig. 3A; Table 3 ). The data for 1999/2000 indicated that oviposition rate did not decline signiÞcantly as host abundance declined ( Fig. 3B; Table 3 ), nor was the Þnding different when the data from the 1999 season was included ( Fig. 3C; Table 3 ).
GES2
Based on data from 1999/2000, there were no signiÞcant differences in oviposition rate according to either eucalypt or arboretum type ( Fig. 4A and B ; Table 3 ). There was also no interaction between eucalypt and arboretum type. A similar outcome was obtained using the data from 2001 (Table 3) ; however, there was a signiÞcant interaction between eucalypt and arboretum type. SpeciÞcally, the trend in oviposition on E. g. globulus according to arboretum type was different from that on E. r. rubida (Fig. 4C and D) . The Þndings from the two seasons combined were more interesting. For example, although there was no statistically signiÞcant effect of eucalypt on oviposition rate, oviposition rate differed signiÞcantly according to arboretum type (Table 3 ). This result was largely driven by the higher oviposition rate in arboretum type 3 (5:5:90) ( Fig. 4E and F) . Again, there was a signiÞcant eucalypt by arboretum type interaction (Table 3 ). This result was largely caused by much higher rates of oviposition on target E. g. globulus, and to a lesser extent, target E. r. rubida, in arboretum 3 in 1999/2000 (e.g., using a Þxed model one-way ANOVA, square-root (eggs ϩ 0.5) transformed data not including zeros: F 2,75 ϭ 4.7, P ϭ 0.01 for E. g. globulus and F 2,80 ϭ 2.6, P ϭ 0.08 for E. r. rubida).
Overall, more eggs were recorded on E. r. rubida than were recorded on E. g. globulus. For example, 5,567, 7,511, and 7,389 eggs were laid on E. r. rubida in arboreta types 1, 2, and 3, respectively (total eggs, 20,467). In contrast, 3,444, 3,109, and 8,862 eggs were laid on E. g. globulus in arboreta types 1, 2, and 3, respectively (total eggs, 15,415). This may have been partially because of the greater ease with which egg clutches can be seen on E. r. rubida by virtue of its relatively small leaves, which are produced at right angles to the stem.
Seasonal Changes in Egg Clutch Size
Variation in the numbers of eggs in individual clutches was very large irrespective of season, e.g., the smallest clutch contained one egg (on an E. g. globulus in arboretum type 3 [5:5:90] in GES2 during 1999/ (Table 4) , i.e., egg clutches in arboretum type 3 (5:5:90) had signiÞcantly more eggs than clutches in arboreta types 1 (50:50:0).
More interestingly, the numbers of eggs in individual clutches increased from the Þrst to the second season of records in both GES1 and GES2 (Table 4) . On any individual E. g. globulus in GES1 (irrespective of arboretum) in 1999, the average clutch size was 43.3 eggs (Fig. 5) . By 1999/2000, this had increased to 87.8 eggs. Similarly, for the E. g. globulus (Fig. 6A) and E. r. rubida (Fig. 6B) (Table 5) .
Discussion
These two Þeld trials were established to determine whether oviposition by M. privata on preferred hosts changes when the diversity of neighboring trees progresses from other preferred hosts (a situation similar to commercial plantations) to nonhosts (a situation more like that in native forests), and thus help to explain outbreaks of this insect in plantations. I proposed that outbreaks might arise because females lay more eggs on individual hosts in plantations than they do on hosts in the wild because they only experience hosts suitable for oviposition.
Oviposition rates on target eucalypts did not support my hypothesis. Contrary to my hypothesis, the oviposition rate on target eucalypts in arboretum type 3 (5:5:90) in GES2 was noticeably greater than on targets in the other two types of arboreta. The target eucalypts in this arboretum type could be considered isolated hosts because the nearest neighbor was not a eucalypt but an Acacia. An apparent preference for isolated host plants has been recorded for a number of Lepidoptera (see Mackay and Singer 1982, Floater and Zalucki 2000). According to Mackay and Singer (1982) , this phenomenon arises as a result of the "random initiation of search after each oviposition and from the fact that individual plants in a clump share their risk of being attacked with their neighbors which are closer than the reactive distance of a searching butterßy," i. et al. 1995, 1996) . The preceding paragraph serves to highlight the issue of spatial and temporal scales in relation to studies such as this. For example, Finch and Kienegger (1997) , Finch and Collier (2000) , and Åsman et al. (2001) all reported Þndings from studies of insects in mixtures of small, herbaceous plants in intimate contact with one another. In these situations, the size of different plant species would be relatively comparable. Only the study by Floater and Zalucki (2000) approaches the situation created in my Þeld trials, i.e., they examined a mothÕs pattern of oviposition on plants ranging from shrub to small tree stature. Whether the responses of M. privata that were observed in my Þeld trials will operate in native forests, where the spatial and temporal scales must be far more variable, seems likely to have potentially signiÞcant consequences. For example, the complete defoliation of some of the target trees as was observed in arboretum type 3 in GES2 is not commonly observed in native forests. The uniform age of these trees and the lack of obstructions between them presumably made their location by female moths easier than may occur in the wild. In native forests, dense vegetation surrounding a seedling E. g. globulus may provide a physical barrier to small numbers of moths searching for hosts.
My results cannot conclusively support arguments for altered host location or host acceptance by M. privata in response to the composition of the vegetation because the behavior of female moths was not studied. However, my other Þndings suggest the probable mechanism of increased oviposition on plantation trees. In both Þeld trials, but particularly in GES1, the numbers of eggs in the largest egg clutches was greater in the second compared with the Þrst season. In another study, I recorded an increase in the dry weight of female moths from 1999/2000 to 2000 /2001 (Steinbauer 2003 . Female body weight was positively correlated with potential fecundity, and it is likely that this explains the increase in clutch size with season (e.g., Haukioja and Neuvonen 1985, but see Parry et al. 2001 ). Consequently, it seems likely that outbreak size populations of M. privata arise in plantations because female fecundity increases with time post plantation establishment, presumably through the provision of greater numbers of high-quality hosts for oviposition. My results support the proposition that intergenerational variations in realized fecundity will increase the population density of M. privata (cf. Rhainds and Tuck Ho 2002) .
The characteristics of gradient outbreaks outlined by Berryman (1987) bear much similarity to the population dynamics of M. privata. Perhaps the best support for this supposition was obtained after the planting of these two Þeld trials. That is, it needs to be remembered that there must have been an endemic population of M. privata in the GES region before planting, but between the 1999 season and the 1999/ 2000 and 2001 seasons, a signiÞcant increase must have occurredÑas shown by the changes in oviposition rates that are presented herein. Hence, outbreaks of M. privata are spatially and temporally limited by resource abundance; they are not "self-driven" by inherent characteristics of the insect. This means that persisting with the present species composition of commercial plantations (i.e., planting large areas of E. g. globulus of the same genotype and age) will continue to provide conditions under which M. privata can increase its Þtness and eventually outbreak. Likely exacerbating factors are facultative multivoltinism and limited biotic regulation by natural enemies (see Steinbauer et al. 2001 Steinbauer et al. , 2004b . The diversity and abundance of native wasp parasitoids in these two Þeld trials will be published separately. Hobbs et al. (2003) also found that plantations of E. g. globulus in Western Australia favor increases of local populations of M. privata. The fact that established plantations foster the development of regionally elevated metapopulations of M. privata is an additional fact that should cause foresters to pay more attention to region-wide planning of future plantations. For example, establishing new plantations near existing plantations with resident populations of M. privata will increase the risk of colonization. Last, the implications of elevated, plantation-derived populations of M. privata dispersing into adjoining native forests have been almost completely overlooked (discussed by Strauss 2001) . For example, could there be increased defoliation and mortality of seedling E. g. globulus or other waxy eucalypt species in forests adjoining plantations because of increased local populations of the insect? I hope this study will serve to initiate further research into the dispersal capabilities of adult moths and metapopulation modeling and emphasize the need for routine population monitoring using a standardized technique.
